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PREFACE 


In the early days of steam generation for power, saturated steam 
was used a great deal, but in order to achieve higher thermal efficiencies 
and reduce errosion of steam turbine blading the steam power industry 
rapidly extended steam conditions into the superheat region. Except for 
a small amount of data recorded for boiling in vertical tubes with free 
convection no extensive study had been made of the heat transfer and 
pressure «lrop characteristics of wet steam, 

With the advent of the nuclear reactor (a highly concentrated heat 
source) and the foreed circulation boiler, wet steam has again become an 
important energy transfer medium, Basic data for wet steam under forced 
circulation has become very important. This topic has been investigated 
in limited ranges by several students at the U. S. Naval Postgraduate 
School: in 1953 by Fisher and King (3); in 195) by Davis and Duacsek (1); 
and in 1955 by Nelson (12). Dengler (2) measured heat transfer coefficients 
and pressure drop of wet steam at low pressure in a vertical tube at the 
Massachusettes Institute of Technology in 1953. 

The primary purpose of this investigation was to cover the range 
from 0 to 100% moisture, with particular attention to the annular flow 
regions; to measure heat transfer and pressure drop characteristics and 
to compare the pressure drop data with the methods of prediction developed 
by Martinelli et al. at the University of California (7), (9), and (10). 

The experimental work of this thesis was carried out at the United 
States aval Postgraduate School from January to March 1956, 


The writer wishes to express his appreciation for the guidance and 





assistance of Professor E. &. Drucker in conducting experinental work 
and writing this paper, and to Chief F. H. Iilechen, USN for his aid 
in making changes to the experimental set up and for boiler and condenser 


operation during the tests. 
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CHAPTER I 


INTRODUCTION 


The problems of two phase flow have long been apparent in special 
industrial applications, but only specific problems have been investi- 
gated leaving a dearth of general data. The characteristics of tvo 
phase flow that are of interest in this investigation are the local 
film heat transfer coefficient and the pressure drop per unit length, 

Specific problems of two phase flow have been carried out in the 
refrigeration and in the chemical process industry. ‘The observed values 
of film heat transfer coefficient are much greater with two phase flow 
than with the liquid alone or the vapor alone. Verschoor and Stemerding 
(13) observed film heat transfer coefficients for two phase flow up 
to seven times that observed with the liquid alone, in an investigation 
with air and water. Dengler (2) observed values up to fifteen tines 
rreater with wet steam at low pressure, 

“ne primary purpose of this investigation was to detecriitne tne 
values of film heat transfer coefficient over a wide range of moisture 
contents. Ina similar investivation of Freon at low temperature Yoder 
and Dodee (1) observed a maximum of the film heat transfer coefficient 
at about 0% dry Freon by weight. 

A secondary purpose of this investigatich was to measure the 
pressure drop over a wide range of moisture contents and compare the 
results with the prediction methods of Martinelli, et al.(7), (9), and 
(11). Generally the experiments of Martinelli were carried out iso- 


thermally in horizontal pipes. 





The primary variables in this investigation are: the mass rate 
of flow of the liquid, the velocity of the liquid, the viscosity of 
the liquid, the density of the liquid, the mass rate of flow of vapor, 
the velocity of the vapor, the viscosity of the vapor, the density of 
the vapor, and the rate of heat transfered per unit area, In two phase 
flow with the equinment available the velocity of the liquid or the 
vapor could not be determined. With annular flow the vapor flows through 
the center of the pipe at high velocity while the liquid flows relatively? 
Slowly along the sides, Measrements of the volumetric fraction of liquid 
for two phase flow in horizontal pipes have been made by Martinelli (7), (9), 
and (10) by operating two quick closing valves to isolate the section, 
followed by a rapid blow down to remove the vapor, The liquid was then 
drained and measured. To measure thc water clinging to the walls of 
the test section a volatile fluid was used to rinse the section. This 
was collected; the volatile liquid was distilled off, and the remaining 
water was measured. Another conplicated method was used by Dengler (2) 
to measure the volumetric fraction in a vertical test section, Radio- 
active tracer was added in minute quantity to the liquid. A Geiger- 
Lneller counter was moved up and down outside of the test-section, and 
the resultant counting-rate measurement, together with the local weight 
fraction vapor and the liquid density, could be related to obtain the 
volumetric fracti-n, The above work of Martinelli and Dengler make it 
possible to estimate the volumetric fraction for this exveriment. 

The magnitude of the flow rates in pounds per hour of the liquid 
and vapor were measured by flow meters after separation by a centrifix. 


The viscosity and density were determined from the steam tables as a 





function of saturated pressure. To cetermine the heat transfer coef- 
ficient: thermocouples were used to determine wall temperature; and 
the sntur2tion temverrture corresponding to the local »ressure was 
used for fluid temnerature, In this investigation pressure wis held 
constant except for three runs, Therefore, vigtosity arid density of 
the liquid and the vapor were constant. Isothermal runs were made to 
determine pressure drop at 100, 700, and 1000 pounds per hour. Heated 
runs were mide with one heat rate (78,300 BTU/Hr/Ft*) at 00, 700, 
1000, and 1250 pounds per hour. The limitations of the equipment were 
investigated and these are included in Appendix II, 

The vertical test section included four separately heated six inch 
sections in series with an inside diameter of 4 inch, The pressure 
drop was determined from the vrilue measured across the two center 
sections, The heat transfer coefficient was determined as the average 
heat transfer coefficient for the two center test sections. 

The results of this exneriment were correlated with vercent moisture 
as well as with X,, (a dimensionless parameter develoned by Martinelli 
(7) ). Heat transfer coefficients and pressure drops are usually related 
in single phase investigations to several cimensionless quantities, 
such as Nusselt, Reynols, and Prandtl numbers. Such correlations for 
single phase flow are not adequate because these numbers are different 
for eich ~hase and do not take into account the configuration of fe 
ligquid-vavor flow, The Nipee ees Rie is used in an attempt to 
correlate the known vroverties of each comoonent with pressure drop 


and hert transfer characteristics, 








CHAPTER II 


TWO PHASE FLOW 


A number of stucies have been mace of the —_— configurations 
of two phase flow, These studies invairi2bly are broken down to take 
into account the differences in the flow confisuration. A designation 
is given to each tyne of flow, The flow configuration actually varies 
in many ways but several combinations of the simple designations will 
suffice to discribe the flow pattern in this investigation. These basie 
configurations are: 

(a) clear ----- dry vapor, 

(b>) mist ------ tiny water droplets carried along in the main 
vapor flow at low moisture contents, 

(c) -anmlar flow -- characterized by the fact that the liquid 
flows in an amulus along the tube wall, while the 
vapor passes at a much higher velocity through the 
center of the tube, 

(d) slug flow -- alternate slugs of liquid and vapor pass 
through the tube, 

(e) bubble flow -- small vapor bubbles pass individually 
through the tube at low vapor contents, 

(f) pure liquid flow -- no bubbles. 

These types of flow were observed from top to bottom as the percent 
moisture was increased from zero to 100%. The transition betveen two 
types of flow was an over lanping affair and depended on the Llow 
rate as well as the moisture content (slug flow occured 1+ lower percent>ce 


of moisture at the lower flow rates). For example at hich moisture 





contents with annular flow there would invariably pass an occasional 
slug with rather consistent regularity, and at low moisture contents 
wnen annular flow was starting to occur there was certainly still a 
definite mist in the center of the tube. The description of the flow 
configuration definitely depends on the observer, The writer chose 

to keep the description simple and only of secondary nature in this 
investigation. The flow designations above were first described by 
Bergelin (15) for flow through a vertical tube. A considerably 
different configuration was described by Martinelli (9) for flow in a 
horizontal tube. ‘The basic difference for horizontal flow is that the 
liquid stays on the bottom of the tube while the vapor travels it high 
velocity through the top portion, Even so, at certain velocities an 
assymmetrical type of annular flow was a in the horizontal tube, 
This configuration difference accounts for the differences in results 
obtained by Martinelli (8) and Dengler (2). 

A survey of the literature on two-phase flow has recently been 
made by Isbin (4). The two most widely used methods of predicting 
two-phase pressure drop are the Martinelli correlations and the friction . 
factor methods. Of the two methods, the Martinelli correlations have | 
received the most support and have been chosen for comparison in this 
investigation. However, Isbin notes several drawbacks to the Martinelli 
method, The total flow rate parameter is not adecuately provided for 
and the system pressure parameter required further treatment. 

A good general discussion of the work of some of the recent develop- 


ments is included in the latest edition of McAdams (8). 





CHAPTER IIL 


BQUIPLENT 


The exneriment2l1 leyonut vresented in the schematic iarram of 
Figure 1, was obtained by m-dification of the set vp used by Nelson 
(11). 

The equipment consisted essentially of a flow system in which steam 
was taken from the min steam line, through a gite valve, a small 
centrifix seperator, and a throttling valve, passed verticolly dowmward 
throuch 15 feet of 14 inch viping and then vertic2lly upw-rd for 8 feet 
(14 inch nine), through three feet of flexible hose (24 inch), a sight 
section (4 abaves)ah) another three feet of flexible hose to the test section, 
The nurvose of the flexible hose was to allow for expansion .nd prevent 
uncue stress on the sight section. Saturated water or wet steam was 
injected into the stream on the lower ont of the upward flow section. 
Early in the test a nozzle wos used to spray the water into the main 
steam line, later it was found that a greater range of mois*ure content 
due to the increased stability of the system coulda be obt2ined without 
the nozzle, with no annarent ch-nze in the rlow Jistribution of the 
system, The purnose of the loop in the stem line was to allow the 
steumewater mixture to approach equilibrium in a long straisgnt section 
before enterins the test section. 

At the exit of the test section the flow wee reversed 2nd nassed 
vertically dowword throvch a Centrifix Type RA Sevarator. From the 
steam outlet of the centrifix the dry steom ws p»ssed throrsh a Figher 


and Porter Co., Series 50 Flowrrtor meter, then through a needle control 
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valve. (This valve was changed from preceding the steam flowmeter -:s 
was used in Nelson's investigation (11), to after the flowmeter in 
orjer to insure dry saturated vapor in the flowneter.). After the steam 
exit control valve, the steam passed throuczh 16 feet of 3/l inch pipe, 
35 feet of 14 inch pipe, seven feet of two inch pipe and discharged into 
a condenser overnted at a slicht vacuum, From the water outlet of the 
centrifix the saturated water passed through a cooling coil, a needle 
valve, a Fisher and Porter Series 700 Flowrator meter, and discharged 
directly to the condenser, The needle valve was 2djusted until the water 
level of the centrifix remained constant before noting a reading on the 
flowmeter. 
‘The moisture content of the steam leaving the Centrifix was determined 
by a U-Path Steam Calorimeter, The moisture content remained below 
. 3% except at hich inlet moisture contents with hich flow, where the 
steam leaving the seperator approacned onepercent moisture, 
Steam supply came from a Babcock and Wilcox F M boiler at an 
operating preasure of 200 psig. 
Condenser condensate was pumoed to a supply tank for a source of 
cold vure water. The water was partly bypassed throuvh a Duolite 
deionizer on the way to a centrifugal vane type nurm, then through a 
Fisher and Porter Series 700 Flowrator meter, throuzh a needle control 
valve to a hea'ing section. The heating section concisted of to 
Schutte and Koerting Co, jet tyne herters mounted in series, A separate 
line was run from the main steam herder to supnly herting steam, ‘he 
heaters were more than adequate for all conditions of tnese tests, 


From the heater section the saturated water (or under most concitions 





wet steam) passed ‘o:m to the lower en' of the vpyzr low section where 
it} was mixed -ith the main steam rlow as mentioned e»rlier in this chapter 

The test section vsed by Nelson (11) was reworked. A11 new ther- 
mocouvles 2nd fittings were installec, lo. 30 zage conner-constantan 
thermocouples were installed as indicited in Figure 2. <A Conax 
Thermocounle gland seal was used to seal the stream thermocouples, 
Pressure tans were installed at the entrance and exit of the test section 
and at three nlaces in the test section as indicrted in Figure 2, 

Heat sunply to the section consisted of four independent hertineg 
elements containing about 70 feet of No. 17 Nichrome V wire, wound 
around each of the four sections in 2 sinrle layer, tach heating element 
eom>oletely covered the section. A thin layer of mica helned insulste 
the section electrically from the heating wire. The power supply to 
the heaters was controlled by four two ~gang variac assemblies and 
measured by portable wattmeters. 

Heat insulation of the test section was accomplished by wrapping 
several layers of glass tape on the outside of the heating coils, cover- 
ing with a thick layer of asbestos cord, and over this was fitted a 24 
inch layer of magnesia brick, and a 4+ inch of wet magnesia mix. Cheese- 
cloth was wrapped over the insulation and held with cornstarch paste to 
prevent flaking off. The centrifix and all piping up to the steam flow- 
meter was also insulated. Heat loss was determined to be negligible 
through the insulation. 

A differential manometer was used to measure pressure drop in the 
section. The inlet pressure tap was connected to one side of the mano- 


meter as a reference. A pressure gage was also connected to this tap 
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to measure inlet pressure. To the other side of the manometer was con- 
nected a manifold to which the other four pressure taps were connected, 
The manometer lines were connected at the test section by Norgren needle 
valves and at the manifold by quick acting toggle valves manufactured by 
Hoke, During the experiment the pressure tap lines were kept full of 
water to insure a known water level. To keep these lines full of water, 
wet rags were applied to the lines to condense any steam entering. 

It has been determined as a result of this experiment that it would 
have been better to use the center pressure tap as the reference pressure, 
Because of end leakage of heat, only the second and third sections were 
used for heat transfer calculations. At high flow rates the pressure 
drop from the inlet to the center is significant. By moving the inlet 
pressure gave to the center of the test section, the averaze test section 
pressure can more easily be held constant, 


All components of the system were constructed, as far as practicable, 


of non-ferrous material. 





CHAPTER IV 
OPERATING PROCEDITE 

At the begining of earch operating Pe trome ine vest section is 
filled with cold woter from the sunnly t7nk and the manometer systen 
w3s filled with water by bleeding off any bubbles in the Line accumulated 
since the previous overa*ing neriod, Then the system «ms flushec by 
flowing a large quantity of steam through the test section to the con- 
denser, ‘The concensite wrs allowed to run -o.n the crain vntil it was 
clear .n° free of varticles. The drain was then secured and the con- 
densate by-nassec to the storage tink, This procecure recuired about 
two hours, 

The onerating vari2zbles that could be controlled were pressure, 
meat [lux (lowerase, ant moistupescenc gees noved in Ano ndix IL 
certain limitations of flow existed for each pressure hel at. the test 
section, ‘The inlet nressure to the test section was miintainedc at 10) 
psig for 311 runs except three runs at 119 nsig. The heat invut ver 
section was limited to 1.5 KW for all rvns, At one KW per section tne 
exnerimentrl error was mignified, At two KW ver section the circuit 
drew excessive current, 

A totrl of 69 runs were made of which °O were considered to be 
sotisfactory. A sunmarv of the dat>r is listed in Apoendix 1, Unsavis- 
factory.runs were cansed Dy instability of the sstem making it di?fienlt 
Looneimeeim eal i brim COM i 1¢Gnee7 segceineasOressuire, Ine unselit- 
factory mms are not inclvied in the abmenc ix. 


The desired “low rote and moisture content was princinelly obtained 
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CHAPTER V 


METHOD OF CALCULATION 


The film heat thransfer coeficient, h, is defined as the pro- 

portionality factor in Newton's Law of Cooling (8): 
dq’ = he Gar (tae) 

The surface temmer>ture (tree) was determined from the averige of the 
thermocounle readings in the second and third sections, taking into 
account the temmer*ture difference between the surface and the locetion 
of the thermocounles, This temoerature cifference ims determined to 
be 5,02 °F, for Q/A equal to 78, 300 BTU/hreft* (corresponds to 1,5 
KW ner section), from the Fourier conduction equation for 3 circular 


tube (8): 
iba oe 


The temoerature of the fluid (t) in Newton's equation wes taken as 


the saturation temperature corresvondine to the pressure ait, the center 
of the test section. Because of thermal entrance effects on the first 
section and end leakarc from the first and last sections, only the two 
center sections were used in the final calculations, 

The pressure at the center of the test section was ‘eterminedc from 
the inlet -ressure gare reading les: the pressure drop indicated by 
the differential manometer, 

The moisture content was taken at the exit of the test section. 
The amount of liquid evaporated (about 20 lbs/hr) was very smi1l1 in 
Provertiom vO the total Tilow. 

The single vhase points, pure liqui.) and pure v-por, were cilcu- 


lated from the convection equation for Clow in tubes (35). 


i 





(nDfe ) = 0,023 (ne)? (Pr) 
The calculations for the: liquid phase (hy) were used for the comparison 
with Dengler's results (h/hy vs 1/X%,.), Figures h and 5. 

The pressure drop was measured by a differential manometer across 
the second and third sections. Tne single vhase pressure drops were 
calculated from standard friction factor charts. 

The dimensionless parameter X,4 was developed from dimensional 


analysis by Martinelli (9): 


_ Wy 029 One Crs 
Kee = a” CRED? (a) 


It has been found useful in correlating data of two phase flow over 
a wide variety of conditions. Cee was calculatec as 2 function of 
x for two diffcrent pressures (10); psig and 1)9 psig) with data from 
the steam tables for correlation of the data of this investication, 

It apneared to be possible to predict values of h/h, from measured 
values of Ry, or visa versa, with the assumptions that there is annular 
flow, that there is no nucleate boiling, and that an equivalent pipe 
size can reqresent the cross section of the licowid area, Au equivalent 
diameter D, is defined to represent the equivalent pipe. For single 


phase forced convection: (using equivalent pipe). 


hD./k = 0.023 (ne, )*° (Pr)! 


where Re, = D, m (1-x)/A/+, 


or to obtain h/h,; rearrange and divide by hy in the same form: 


nfhy = 0-023 (k/D, ) (Reg)" (Pr)" 


0.023 (k/D) (Re)*° (Pr)<4 
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Simplifying, ; 


2.25 i 
per = 


inition, 
=DYR, by defini 
Since D, D i 


a 
a = 
h/hy, = = ( + z 


ieee 


or rearranging, 
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not successful, 
ttempts to calculate pressure drop were 
Similar atte 
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CHAPT= VI 


RESULTS AND CONCLUSIONS 


ine mnes5ured heal transm@r coeizicient vs percent moisture by 
weiltht is showm in Figure 3, It is noted that in the annular flow 
region (about 30% to 80% moisture) the vririation is essentially 
linear, From the initial ebservation of these results it apvears that 
a relatively unpredictable mechanism is causing an increise in the local 
film heat tronsfer coefficient, But the results of these tests combined 
with the work of Dengler (2) indicate that the local film heat transfer 
coefficient for’ vertic31 two phise flow is still a sinele phase phenomena 
in the annular flow resion, The only siznificant resistance to heat 
Plow is the liquic laminar boundary layer. For the heat flux used in 
tis investigation no nucleate tywe of boiling occvred at the metal 
surface, sani the substantial increase in heat transfer coefficient 
can be attributed entirely to the incre»se in liaqvid velocity 2nd the 
consequent reauction of the laminar boundary layer thickness, 

It will also be noted in Figure 3 that the pressv¥re is a very 
significant variable, Dengler (2) has sugvested plotting h/hy, vs 
1/X44 and this brings together the runs at different flow r-tes (Ficure 
i) as well as at different pressures. The pressure, however, h’s not 
been commle‘ely provided for as is seen by comoaring the results (Figure 
lh) of this investigetion at lok psig with Dencler's results at -bout 
atmosvheric pressure, Difference in pipe size (Dengler used 1" diameter 
commared to +" diameter for this investigrtion) may partly ceuse the 


‘difference in results, 
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Denvler (2) also measure: (R;) the volumetric fr ction of li,uid 
(See Chanter I), Using Dengler's v>lues of R, (Figure 5) amd a prescure 
of 11.7 peta, h/h, was calculated from sinrle vhase considerations 
(See Chanter IV for method of calculation) and plotted on Fizure h, 

The devintion can be attributed mainly to the degree to thich an equiva- 
lent pipe coes not represent the actual flow .* the surface of the tube, 
In Denvler's exneriments the pressure varied from 7 psin to 29 psia and 
this may alro cause some of the discrepancy. ven with the ciscrepincy 
as shown it is felt that the hynothesis that the film hert transfer 
coef“icient is a single phase problem is subst2ntirted,. 

To carry the comoarison one step further, Ry was calculated from 
the experimental points (h/h,) of this inves*igation and »lotte? on 
Figure S, A definite shift upwar* is noted for the increase in pressure 
This trend 1s also noted by Martinelli (11) for horizonts1l Slo, but 
only in 2 gualitetive manner. this inv-stication suecests tht the 
shift in Ry (also h/h, ) is much greater in the low pressure revions 
than at hieher oressures, This further sugzests tht a modific*bion 
of the density term in Kis is rectireo to sive % better correl<tion. 

The measured values of oressure drop ver unit len’ ch vs perecnt 
moisture are shoim in Ficvre 6, This pressure dron is coaosec 0 
three terms: 

1. The frictionil two phase vressure drop, (AP/L) ppp. 

2. The pressure dron due to chinte in elevation, tae / lL, (psi/ tee 

3. The pressure drov “ne to chinze o° momentum dvrine evadoravion, 

his value wos nevligible in ft’ is investiertion becrarse o- the low 

VYARPorizi3tion, Jhis fect is virified ‘y the in‘istineuishrble 


difference between the hected <nd te isotherm:l -oints (Tirvre 6). 
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For correl.tion of nressure dron Martinelli (7) 2n (11) hes 
sug-ested the use of a »>rameter Pye. where: pe - (AP/L)mpp . 
; Way Gri), 
The numerator renrese; ts the frictional component of tio Xhsase flow ond 
the denominator revrescnts the frictional vressure irov for 2n eaquel 
mas rate of liquid alone. Im FNisure 7, B,° 


tt 


this investiestion sn! comnared inith the results of Denvler. The dorched 


vs X14 is plotted for 


line indicates the nossible range of Dengler's curve 1t the left en, 
The ‘if¢-er:nee of results is more nronounced in this commarison than is 
easily exclained by the dif”erence in onerating pressure. Nartire!1li 
(11) agoin shows a trend in this “irection with incre-sinc vressurc but 
not to this extent. It is believed by the writcr thet the nine cize 
( 

bec-mes more important for the pressure drop correlxtions. This ad ‘icd 
ee the cifference in oner*ting oressure may accovnt Uor the lare 
discreornev, 

Initial attemmts to calculate frictional oreszure drop from sin-le 
nhase consiverations (knowing R,) were unsuccesrful, It is believed 
that azxzin vine size is the significont vVoriable that was not 2ueqv-.tcly 
taken into account, 


Summary : 





1, The film hest transfer cocfficient is linear in the snnul-r 
“low region when plotted agrinst percent moisture. 

Ce eon Si nile my resiseance. bo e2l tlow is thc ~immid 
laminor bovndary layer, ond hence the inc-esse inh is duc primarily 
Uowliamid velocity ancrence, 


poetic Taio h/hy vs 1/X,4 correlates well and comarcs Cavorwls 


eo 





with results of Dengler (2). 

h. The ratio h/hy can be calculated approximately from Ry data 
(in the annular flow region) by modifying single phase methods, 
5, Effects of pressure on h/h, are mich greater for the low 
vressure regions, 


6, The pressure drop narameter g,° correlates well with X,,,. 
tt tt 
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CHAPTER VIL 


RECOM NDATIONS 


Several significant problems are suggested by the results of this 
investigation: 
1. The vrediction of two-phase film heat tranfer coefficients 
from the direct measurement of the volume fraction of liauid in 
an isothermal exneriment, 
2. Conversely, the indirect measurement of the volume fraction 
of liquid (narticularly at hicher vressures) from the measurement 
of the locol film heat transfer coefficient. Along with this 
investigagion the effects of smaller test section ciamecter could 
be investigated, 
3. The analvtical nrediction of two nhase pressure drov from a 
Single phase aporoach, This would assume that the [frictional 
DECSSURCHOD 1aecue CO tiem iere semimuwie Liiuid velocity only. 
Certain changes are sugzvested in the construction of the test 
section to avoid some of the difficulties cncountered in this investi-e 
potion. The reference pressure and the inlet pressure 32ze should 
be moved to the center of the test section since this is the sienifricant 
pressure in the ultimite results. The inlet and outlet pressure tps 
Shovld be moved from the vicinity o! the stream thermocounles to obt2in 
consistent. realines of vressure ilfferences alon~ the test section. 
it is recommended that these nressure tans be instzlled immediately 
before 2n’ after the heated sections giving equal spacing between all 


pressure tans, Difficulty was enceuntered witn lesak»re at the vressure 


ad 


— 





tap connections. This was caused °t the point where the hard tross 
fittins into the soft test section. Tre thread could be strivvc¢ by 
instilling the fitting only “inger ticht. It is recommended that nore 
threads and a slichtly larver diameter of fitting. be used, It hoa 
be remembered when iesicning the test section that the first rnd last 
sections "ill not rive sienificont results becouse -f end leskave and 


a thermal cntrance ef'ect, 
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APPENDIA II 


BROQUIPMENT LIILITATIOUS 


Flow Rate Limitations 
It was found thot certain equipment limitations prevented the 
Over ton et certrzin cesirec flow rates and moisture contents, Early 
in the investigation it was necessary to ascertrin the limitations of 
tne equipment in order tha' the widest vnossible range of data couli be 
taken, Fivure 8 shows the unnver limit of flow for various test section 
inlet »~ressures, ‘hese were obtained by varyine the amount of saturated 
ligui’ introduced with the moin steam inlet valve iride open. One 
additional curve couls have been obtained at 100 psig but the steam 
exit throttle valve lost control in this range, with zero moisture, 
For certzin moisture contents, data could be taken cown to an inlet 
press’'re of 75 nsig. The lower portion of the curve which is cross 
hatched represents the lower limit on the scale of the steam flowmeter, 
the anvroximate voints obtainec in this investigation are indicated, 
For 700 lbs/hr., data were also trken for three points at 119 psig 


inlet ~ressure, 


Steam llowmeter 

The "Factor Tag" indicated 109% re-cding on the steam flowmeter was 
equivalent to 1150 lbs/hr at 200 psig. For other vrilues of pressure 
the full seale reading had to be mo:ified as a function of density. 
the following formmla was used to determine the actual flow: 
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The d nsitz was ob} inec. from the snecific volume data in the steam 
tables, The metering tolerance was estimated by the manufacturer to 
be about two to three percent, The scrle covl? be read within a quarter 


of a division (4%). 
\ 
A calibration check was made at 119 psig by holding the stenm flow 
constant an“ messuring the condensate for a period of time in 2 weight 


tank, 


Water Flowmeter 

The water flowmeter float was designed for 2.7 GPM at full scale 
(100%), This is equivalent to 1350 lbs/hr. The liquid was cooled to 
about 60°F before passing throuch the flowmeter and therefore no tem- 
erature correction was required. The liquic flow meter could not be 
used for low flow rates. To measure low flow rates the capacity of two 
inches of the centrifix sizht glass was determined to be 1.55 nounds, 
For low flow rates time required for the liovid to rise two inches in 


the centrifix sight class (with the liquid exit throttle valve secvred) 


was measured and the flow rate thereby determined, 


Manometer Correction Factor 

The manometer re2dines were me:sured in inches of fluic with an 
eqnivalent specific fravity of 12.6 (specific gravity of mercury minus 
the snecific graviby of water). Because of the cifference in the liouvid 
level of the ‘ifferent nressure tans a further correction frctor had to 
be added, ‘This wes token as the measured distance (in inches) from the 
inlet nressure tan to vressure tp concerned, @ivided by 12,6, The 


calcvlated correction factor was verified by takine rea incs with zero 
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flow. In interpreting the data 211 pressure readings were vlotted to 
determine consistency. If the rencinvs were consistent the corrected 
vressure drov across the two center sections was divided by 1.033 feet 
and multivlied by .455 to obtain (AP/L) in psi/ft. It was found early 

in the test that there was inconsistancy in the readings at the inlet 
pressure tan ans the outlet pressure tap :lue to the presence of the 
stream thermocouples at the same location, Later in the tests the stream 


thermocounles were removed and consistant results were obtained, 


Thermocounle Readings 

Numerous thermocoyvle readings were olotted for both isothermal 
an* the heated runs and compared with the sa‘uration temperature 
corresvonding to the pressure at each point along the test section, 
While there was some scatter in these results it was felt that the 
averace of the thermocornle rcadings of the two center sections g2ve 


a reliable value, 
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ADDITIONAL CALCULATIONS 


Single Phase Flow 

Attemnts to make heated single phase runs were msuccessful. For 
the liquid run there was insufficient mixing to measure the exit temper-~ 
ature of the liquid, Thermal entrance effects were greatly m2gnified, 
End leskage was evaluated and it was confirmed that the data in the two 
end sections was unreliable, For the vapor run the fluid was super- 
heatec in the first section which did not give sufficient cata to 
calculate reliable values of h, Therefore the single phase values 


were cilculated and are listed below, 


Liquid Vapor 
Mass Inlet hy (aP/L) ("a2" /1)5 (AP/L) ("4 2"/L) 
Rate Pressure f 8 B 
(lbs/hr) (nsig) (psi/ft) (psi/ft) | h, (psi/ft) 

oo 10h 872 .0078 33 280 1.165 0 

700 i 1338 .0216 033 438 ssl O 
1000 “ 1812 ,dh12 L 583 6.48 0 
1250 i 2170 .0628 " 969 9.18 O 

700 W9 138), .0215 60215 133 ely O 


Thermal conductivity of copper 

The coefficient of thermal conductivity was obtained from the 
manufacturer, k equal to 222 BTU/hr-ft-°F, This value was extrapolated 
from a comparison of the variation of k for pure copper with tenperature 
to k equals 215 BTU/hnr-ft-°F at 350°F, Tiis change had little effect 


on the results, 
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Insulation Loss 
The insulation loss was calculated as follows: 
let AT = 70 OF (Temperature of insulation about 150 °F) 
For Vertical plates (L>1 ft): hé& 3(aTy?-? = .3(70)°2? 
h = 0.87 BTU/hr-ft°-°r 
The heat loss: q=haAAT ®= (,.87)(7/8) (70) 
q = 23.9 BIU/hr/section =~ .007 KW 

The temperature of the insulation did not reach this value, therefore 


the insulation loss was assumed to be negligible, 
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Loc@l heat transfer coefficient 
and pressure drop of two nhase 
steam in @ vertical tube, 
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